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The spinel oxides LiGaCr4O8 and LiInCr4O8 contain size-alternating pyrochlore lattices of spin-
3/2 Cr3+ tetrahedra with different magnitudes of alternation. We show here that the solid solutions
LiGa1−xInxCr4O8 between these two “breathing” pyrochlore compounds display (i) rapid suppres-
sion of magnetic and structural transitions upon doping the end members, (ii) spin-glass-like freezing
above 2 K in the range 0.1 <
∼
x <
∼
0.6, and (iii) apparent spin-gap behavior for x >
∼
0.7. Furthermore,
no transitions are observed above 2 K at x ∼ 0.9, where magnetic susceptibility remains finite at 2 K
and magnetic heat capacity shows a quadratic temperature dependence at 1−5 K. Our work shows
that breathing pyrochlore compounds provide a unique opportunity for studying both geometrical
frustration and bond alternation.
PACS numbers: Valid PACS appear here
Geometrical frustration and bond alternation have
been important topics in the field of magnetism over
the last decades. The former is expected when antifer-
romagnetically interacting spins are arranged on lattices
with triangular motifs. Since all three spins in a triangle
cannot be antiparallel with each other, one finds con-
ventional magnetic order replaced by more exotic states.
One of the central issues in geometrical frustration is to
observe a quantum spin liquid such as the resonating va-
lence bond state, where spin pairs are strongly entangled
with each other, preserving both translation and spin ro-
tation symmetries [1]. Many frustrated antiferromagnets
have so far been investigated as candidates, including
several copper minerals and a vanadium oxyfluoride for
the kagome lattice [2–4], two organic triangular lattice
systems [5, 6], and a hyperkagome iridium oxide [7].
Bond alternation provides us with another ingredient
to reach exotic states of matter. It has mainly been stud-
ied in one-dimensional antiferromagnetic systems, where
bonds with strong and weak antiferromagnetic interac-
tions, J and J ′, alternate along the chain. The spin-1/2
chain shows a gapless Tomonaga-Luttinger liquid state
when it is uniform, while a spin-gapped state with a spin
singlet pair on the J bond results when a finite alterna-
tion is introduced (J > J ′). On the other hand, in the
case of spin-1 chains, a gapped Haldane state appears
for zero or small alternations, while a dimer singlet state
(also gapped) is stabilized at large alternations. Since
the physical origins of these spin gaps are essentially dif-
ferent, there exists a gapless state at a quantum critical
point J ′/J = 0.6 between the two phases [8, 9]. Many Ni
complexes have been investigated as model compounds
for the alternating spin-1 chain. For example, [{Ni(333-
tet)(µ-N3)}n](ClO4)n shows a gapless magnetic suscep-
tibility probably related to the critical point [10]. The
critical ratio between the analogous gapped states for
S = 3/2 seems to be reduced to ∼0.4 [11], for which
Cr2BP3O12 has been studied as a model compound [12].
We have recently noted that the two ingredients above,
geometrical frustration and bond alternation, coexist in
the three-dimensional breathing pyrochlore (BP) lattice,
in which small and large tetrahedra alternate in a corner-
sharing geometry, as shown in the inset of Fig. 2(a). The
BP lattice is realized in LiGaCr4O8, LiInCr4O8 [13], and
Ba3Yb2Zn5O11 [14]. The former two compounds crystal-
lize in the A-site ordered spinel structure with the space
group F 4¯3m [15], a subgroup of Fd3¯m for conventional
spinel oxides. This symmetry lowering is due to the zinc-
blende-type order of the Li+ and Ga3+/In3+ ions on a di-
amond lattice, which causes chemical pressure and leads
to bond alternation in the Cr3+ pyrochlore lattice. There
are large antiferromagnetic couplings between Cr spins,
as evidenced by negative Weiss temperatures of θW =
−659 and −332 K for the Ga and In compounds, respec-
tively. Ba3Yb2Zn5O11 also crystallizes in a cubic struc-
ture with the space group F 4¯3m, where pseudospin-1/2
Yb3+ ions form a BP lattice.
The spin Hamiltonian of the BP lattice is written as H
= JΣijSi ·Sj + J
′ΣijSi ·Sj , where the summations over
ij in the first and second terms run over the Cr−Cr bonds
of small and large tetrahedra with nearest-neighbor mag-
netic interactions J and J ′, respectively. It is intuitively
expected that the magnetic properties of the BP anti-
ferromagnets strongly depend on the magnitude of size
alternation. Hence, we define the ratio between J and J ′
as the breathing factor Bf = J
′/J . Bf = 1 yields a uni-
form pyrochlore lattice, while Bf = 0 results in an array
of isolated tetrahedra. The ground state of a tetrahedron
is a tetramer singlet, a quantum superposition of two sin-
glet pairs on a tetrahedron [16]. The Bf ’s of the Ga and
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FIG. 1: (color online) (a) Powder XRD patterns of
LiGa1−xInxCr4O8 polycrystalline samples with x = 0 (top),
0.5 (middle), and 1 (bottom). Cu Kα1 and Kα2 radiations
were used. (b) x dependences of lattice constant a (left) and
Weiss temperature θW (right) for LiGa1−xInxCr4O8 polycrys-
talline samples. The solid line shows a linear fit, giving a/A˚
= 8.2446(8) + 0.171(13)x.
In compounds are estimated to be ∼0.6 and ∼0.1 using
an empirical relationship between the strength of mag-
netic interactions and the Cr−Cr distance [13]. Thus, the
Ga compound is almost halfway between the uniform py-
rochlore and the isolated tetrahedral limits, while the In
compound lies close to the latter.
The magnetic properties of LiGaCr4O8 and LiInCr4O8
are significantly different, reflecting the difference in
Bf [13]. The former shows antiferromagnetic short-range
order below ∼45 K in magnetic susceptibility, much like
conventional Cr spinel oxides, while the In compound
shows spin-gap behavior below ∼65 K. At low tempera-
tures, both compounds exhibit definite phase transitions
evidenced by sharp peaks in heat capacity [13]. This is
also the case for the conventional spinel oxide ZnCr2O4,
where long-range magnetic order accompanied by lattice
distortion is induced by strong spin-lattice coupling [17].
We prepared seventeen polycrystalline samples of
LiGa1−xInxCr4O8 (x = 0, 0.05, 0.075, 0.1, 0.125, 0.25,
0.375, 0.5, 0.625, 0.75, 0.875, 0.9, 0.925, 0.94, 0.95, 0.975,
and 1) by the solid-state reaction method. LiGaCr4O8
and LiInCr4O8 powders were mixed in a 1− x : x molar
ratio and sintered at 1100 ◦C for three days with interme-
diate grindings. Sample characterization was performed
at room temperature using a RINT-2000 (Rigaku) pow-
der X-ray diffractometer with Cu Kα radiation. All
diffraction peaks observed in the powder XRD pattern
of every sample are as sharp as those of the end mem-
bers and can be indexed on the basis of a cubic structure
of the space group F 4¯3m, as typically shown for x = 0,
0.5, and 1 in Fig. 1(a). The lattice constant varies almost
linearly with x [Fig. 1(b)], indicating that complete solid
solutions have been obtained.
Magnetic susceptibility was measured in a Magnetic
Property Measurement System. Heat capacity was mea-
sured by the relaxation method in a Physical Property
Measurement System (both Quantum Design). Polar-
ized diffuse neutron scattering was performed on the 7Li-
enriched x = 0.9 and 1 samples on the D7 spectrometer
at the Institut Laue-Langevin (ILL) using λ = 4.84 A˚
neutrons. The magnetic component of the total cross
section was extracted by xyz polarization analysis [18].
Curie-Weiss fits of the magnetic susceptibilities of poly-
crystalline samples of LiGa1−xInxCr4O8 to the equation
χ = NAg
2µ2BS(S + 1)/3kB(T − θW), where NA, g, µB,
and kB are the Avogadro constant, the Lande g factor,
the Bohr magneton, and the Boltzmann constant, respec-
tively, have been carried out in the temperature range of
300−350 K. This yields g = 1.90−2.09 for S = 3/2 with
systematically varying θW between θW = −667 and −344
K for x = 0 and 1, respectively, as shown in Fig. 1(b).
Thus, average antiferromagnetic couplings are systemat-
ically reduced from the Ga to In compounds in the solid
solutions.
The temperature−composition phase diagram is
shown in Fig. 2(a). Interestingly, the phase transitions
of LiGaCr4O8 and LiInCr4O8 are not interconnected
smoothly in the solid solutions, in spite of their similar
transition temperatures: they are reduced below 2 K by
10 and 6% substitutions into the Ga and In compounds,
respectively. This implies that the ordered states of the
end members take substantially different characters.
Figures 2(b) and 2(c) show the temperature depen-
dences of heat capacity divided by temperature, Cp/T ,
for the Ga- and In-rich sides, respectively. The Cp/T
data of the pure Ga compound exhibit a sharp peak at Tp
= 13.8 K, corresponding to a first-order magnetic transi-
tion according to recent Li-NMR experiments [19]. Upon
increasing the level of In substitution, the peak moves to
lower temperatures; Tp = 11.5 and 11 K for x = 0.05 and
0.075, respectively. By further increasing the In content,
only a broad peak remains at 10 K for x = 0.1, which
eventually disappears for x = 0.125 and 0.25. Thus, In
substitution on the Ga-rich side effectively suppresses the
long-range ordered state for x > 0.1.
The Cp/T of the In-pure sample shows a sharp peak
at Tp = 15.9 K and a shoulder at Ts = 14 K. Accord-
ing to the recent Li-NMR and neutron diffraction exper-
iments, a structural transition from cubic to tetragonal
symmetry occurs at Tp, followed by long-range magnetic
order setting in at Ts [19, 20]. As the Ga content in-
creases, the peak moves to lower temperatures and be-
comes broader; Tp = 12.2 (x = 0.975) and 11.3 K (x =
0.95). It is then suppressed below 2 K at 0.94. Com-
pared with the Ga-rich side, the ordered state on the
In-rich side is thus more rapidly suppressed by substitu-
tion. The steep phase boundary at x = 0.94−0.95 may
indicate the possible presence of a two-phase coexisting
region near the boundary composition.
There are a substantial differences in magnetic proper-
ties between the Ga- and In-rich sides upon suppression
of long-range order: a spin-glass-like phase appears in
the wide range 0.1 ≤ x ≤ 0.625 above 2 K on the Ga-rich
side, but is not observed above 2 K on the In-rich side,
as shown in Fig. 2(a). Shown for x = 0.125 in Fig. 2(d)
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FIG. 2: (color online) (a) T−x phase diagram of
LiGa1−xInxCr4O8 determined by heat capacity Cp and mag-
netic susceptibility χ data for polycrystalline samples. ‘AF’
and ‘SG’ denote antiferromagnetic long-range order and spin-
glass-like freezing, respectively. The peak temperatures in
Cp/T are indicated by filled squares, and the spin-glass-like
transition temperatures from χ by filled circles. The open
symbols with downward arrows indicate the absence of corre-
sponding anomalies above 2 K. In the shaded region on the
In side, spin-gap behavior is observed in χ. The inset shows a
BP lattice made up of Cr3+ ions. (b, c) Temperature depen-
dences of Cp on the Ga-rich side (b) and on the In-rich side
(c). (d) Temperature dependence of χ for x= 0.125 and 0.875,
measured upon heating after zero-field cooling (open marks)
and then upon cooling (solid marks) in magnetic fields of 0.1,
1, and 5 T. The spin-glass-like transition temperatures Tg of
the x = 0.125 sample are indicated by thick arrows, where
the heating and cooling curves separate from each other. (e)
Temperature dependence of χ for x = 0.5, 0.625, 0.75, 0.875,
and 1 measured in a magnetic field of 1 T.
are the typical χ’s measured under zero-field-cooled and
field-cooled conditions. A large thermal hysteresis is ob-
served in the 0.1 T data below Tg ∼ 6 K; the field-cooled
data separate from the zero-field-cooled data below Tg,
and are nearly constant at the maximum value at Tg. Tg
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FIG. 3: (color online) Magnetic neutron cross sections for x
= 1 (a) and 0.9 (b) measured at various temperatures at the
D7 spectrometer at ILL. The peaks marked by asterisks are
the 102 magnetic Bragg peak from a small Cr2O3 impurity.
is reduced with increasing magnetic field; Tg ∼ 4.5 and
3 K at µ0H = 1 and 5 T, respectively. These thermal
hystereses and magnetic field dependences are character-
istic of a spin-glass transition. However, the presence
of a broad peak and the absence of a T -linear term in
heat capacity distinguish it from conventional canonical
spin-glass systems such as dilute magnetic alloys, sug-
gesting that the spin-glass-like transition on the Ga-rich
side is due to a spin freezing induced by impurities or
lattice defects. Similar transitions have been observed in
conventional Cr spinel oxides when impurities are intro-
duced [21].
Moving on to the In-rich region 0.75 ≤ x ≤ 0.94, none
of the above behaviors is observed above 2 K, as shown
for x = 0.875 in Fig. 2(d). Moreover, there is no kink,
suggesting the presence of long-range order, but rather
a small upturn below ∼5 K, which is suppressed with
increasing magnetic field. Assuming that it originates
from a Curie contribution from orphan spins, the amount
of these is estimated to be ∼0.2% of all spins, as will be
discussed later.
To obtain a more detailed understanding of magnetic
correlations on the In-rich side, polarized neutron scat-
tering experiments were performed. Figure 3 shows the
magnetic component of the neutron scattering cross sec-
tion for the x = 1 and 0.9 polycrystalline samples; the
Q dependences of the scattering at 150 K for both sam-
ples are form-factor-like, characteristic of an uncorrelated
paramagnet. Upon cooling, the scattering at small Q in
both samples is reduced, shifting into a broad peak at Q
∼ 1.5 A˚−1 at 15 K, the shape of which appears consistent
with the singlet−triplet S(Q) for an isolated tetrahedron.
From previous inelastic neutron scattering experiments
on the x = 1 sample, which show a gapped feature with
a similar Q-dependence and a gap h¯ω = 4.2(1) meV or
h¯ω/kB = 48(2) K [20], we expect that the peak observed
in the present data is dynamic in origin.
On further cooling, the spectra of the two samples be-
come entirely different: magnetic Bragg peaks appear at
Q = 0.9, 1.2, and 1.7 A˚−1 in the 1.8 K data for x = 1,
4Cr
JJ'
200
100
0
C
m
/T
 (
m
J 
K
−
2
 m
o
l-
C
r−
1
)
50403020100
T (K)
x = 0.875
(b)
5
4
3
2
1
0
χ b
u
lk
 (
10
−
3 c
m
3
m
o
l-
C
r−
1
)
150100500 T (K)
LiGa1−xInxCr4O8
0.875
T (K)x = 1
(a)
1
0
3
χ
4
2
0 (
cm
3
m
o
l-
C
r−
1
)1
0−
3
µ0H = 0.1 T
χ
χorp
χbulk
0 10 20
FIG. 4: (color online) Temperature dependence of intrinsic
magnetic susceptibility χbulk at µ0H = 1 T (a) and magnetic
heat capacity divided by temperature, Cm/T , (b) of a poly-
crystalline sample of LiGa1−xInxCr4O8 with x = 0.875. The
data for x = 1 are also shown in (a) for comparison. The
solid curves in the main panels of (a) and (b) are the exact
results for an isolated S = 3/2 tetrahedron with J/kB = 60
K. The inset in (a) shows the experimental χ separated into
the intrinsic magnetic susceptibility χbulk and χorphan from
orphan spins. Cm/T in (b) is obtained by subtracting the
lattice contribution estimated from the nonmagnetic isomor-
phic compound LiInRh4O8 from the total Cp/T . The broken
line shows a linear fit of the 1−5 K data. The inset in (b)
schematically depicts a tetramer singlet state realized on the
small tetrahedron in the BP lattice.
indicating the occurrence of long-range magnetic order
between 1.8 and 15 K, while the spectrum of x = 0.9
measured at T = 1.7 K remains broad. The upper limit
for the magnitude of the ordered moment is as small as
0.05 µB/Cr, indicating the absence of long-range order in
x = 0.9 above 1.7 K. Neutron diffraction experiments to
determine the magnetic structure of the ordered phase in
x = 1 are in progress.
Combining all the experimental data mentioned above,
LiGa1−xInxCr4O8 with x ∼ 0.9 shows neither long-range
magnetic order nor spin-glass-like freezing down to 2 K.
Hereafter, we focus on the magnetic properties of x ∼
0.9. Figure 4(a) shows the temperature dependence of
the intrinsic magnetic susceptibility χbulk of the x =
0.875 sample with θW = −342 K and g = 2.01, which
has been obtained by subtracting the orphan spin con-
tribution χorphan from χ. χorphan was estimated by fit-
ting the χ data between 2 and 4 K to the equation χ =
χbulk + χorphan = χconst + Corphan/(T − θorphan). The
fitting result is satisfactory, as shown in the inset of
Fig. 4(a) for Corphan = 4.5(2) × 10
−3 cm3 K mol−Cr−1,
θorphan = −0.01(5) K, and χconst = 9.1(3) × 10
−4 cm3
mol−Cr−1. Assuming g = 2.01, this means that only
0.2% of all S = 3/2 spins behave as nearly free orphan
spins, which may originate from defects in the crystal.
The χbulk values of x = 0.875 and 1 rapidly decrease
upon cooling below ∼70 K owing to the presence of a gap
or a pseudogap in the spin excitation spectrum. This
gaplike decrease in χ becomes weaker with further in-
creasing Ga content, as shown in Fig. 2(e); the χ of x =
0.5 monotonically increases with decreasing temperature.
The size of the gap in x = 0.875 is estimated to be ∆/kB
= 60 K by fitting the χbulk data between 4 and 350 K to
the exact result for a spin-3/2 isolated tetrahedron, simi-
lar to ∆/kB = 57 K for x = 1 [13]. At low temperatures,
the decrease in the x = 1 data weakens below the order-
ing temperature at ∼14 K, while the χbulk of x = 0.875
continues to decrease without any sign of magnetic order,
approaching a small value of ∼10−3 cm3 mol−Cr−1 at 2
K. Thus, the spin gap of x = 0.875 may be filled with
a certain amount of in-gap states, although the residual
χbulk value is approximate because of the ambiguity in
the subtraction of the orphan spin contribution.
The magnetic heat capacity divided by temperature,
Cm/T , of the x = 0.875 sample exhibits a broad peak at
T ∼ 16 K, as shown in Fig. 4(b). The calculated curve
for an S = 3/2 isolated tetrahedron with ∆/kB = J/kB
= 60 K shows a maximum at 15 K, which coincides with
the maximum at 16 K of the experimental data. This
suggests that the associated entropy release is due to the
opening of a spin gap with the order of J . Compared with
the calculated curve, however, the experimental curve is
much broader. The Cm/T does not decrease exponen-
tially but is proportional to T , i.e., Cm ∝ T
2, at 1−5 K.
A linear fit of the 1−5 K data yields Cm/T = 0.7(7) +
16.1(2)T . The negligibly small first term indicates that
there is little T -linear Cm such as that observed in metals
or spin glass systems.
The quantum spin-1/2 Heisenberg antiferromagnet on
the uniform pyrochlore lattice is theoretically expected to
have a finite spin gap instead of a long-range magnetic
order, while the nature of its ground state is still sub-
ject to debate [22–24]. The BP lattice has been studied
in the strong coupling approximation, originally with a
view to understanding the ground state in the uniform
one [22, 23]. In the case of J ′ = 0, it is clear that a twofold
tetramer-singlet ground state with a gap ∆ = J to the
first excited triplet is realized [16]. This tetramer singlet
can be broken into two dimer singlets by switching on
J ′. In a mean-field approximation, the ground state at J
= J ′ is expected to be a valence bond crystal of dimers,
in which three of four tetrahedron sublattices have an
ordered dimer-pair pattern with the rest remaining dis-
ordered [22], giving the in-gap nonmagnetic states [23].
5The origin of the quadratic Cm in the x ∼ 0.9 sample
may be understood by the presence of a similar partially
disordered state.
However, the observed finite χbulk at 2 K in the x ∼ 0.9
samples indicates that there are a significant number of
magnetic states in addition to nonmagnetic states in the
spin gap, which seems to contradict the above theoreti-
cal expectation. The question is whether these magnetic
states are intrinsic to the BP or induced by disorder. The
fact that the x = 0.875 sample does not show a spin-glass
freezing above 2 K and has rather few orphan spins of
∼0.2% suggests that disorder effects in the x ∼ 0.9 sam-
ples are minor compared with those on the Ga-rich side.
Nevertheless, one has to be careful to exclude the pos-
sibility of disorder effects in frustrated antiferromagnets
because of the close proximity of many competing states
to the ground state. There is also a possibility that the
two-phase coexistence complicates the interpretation. If
the magnetic in-gap states are intrinsic to the BP anti-
ferromagnet, they must be ascribed to nonlocal magnetic
excitations caused by correlations between tetramer sin-
glets. Future NMR and neutron experiments should un-
cover the interesting properties of the BP antiferromag-
nets.
In summary, we find that neither a long-range order
nor a spin-glass-like freezing is observed down to 2 K
at x ∼ 0.9 in LiGa1−xInxCr4O8. Instead, a “pseudo”
spin gap behavior is observed, as evidenced by a finite
χbulk at 2 K and a quadratic Cm at 1−5 K. This unusual
state may be related to weakly coupled tetramer singlets
on a BP lattice with geometrical frustration and bond
alternation.
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